This paper describes the development of a hollow-fiber-supported liquid membrane (HFSLM) for the removal of nitrate ions from water. Two different membrane modules were designed which differed in length of the fibers. In order to test the HFSLMs on nitrate flux and stability, two set-ups were used: one in which feed and strip were recirculated, and one for the continuous removal of nitrate. Furthermore, part of the experiments were carried out using fibers with a toplayer of piperazine and trimesoyl chloride at the lumen side to increase the stability of the HFSLM. Nitrate fluxes of the HFSLMs were only slightly lower than those of flat-sheet SLMS despite the much larger thickness of the fiber wall. In both set-ups, the nitrate flux decreased in time. By applying a toplayer on the lumen side of the fibers, the lifetime of the liquid membrane was raised. SEM observations showed the toplayer, although defect-free, to be nonuniform in morphology, which resulted in difficulties in the reproducibility of the results. 0 1997 Elsevier Science B.V.
Introduction
In previous work, attention has been focused on the stability of flat-sheet-supported liquid membranes (SLMS) for nitrate removal [ 1, 2] . For industrial applications, a hollow-fiber geometry is more advantageous as a result of its high surface area per volume membrane module (lOOO-30 000 m2 mm3 [2, 3] ). In general, the higher this ratio, the lower the costs per installed membrane area. Research on supported liquid membranes, * Corresponding author.
however, is not frequently carried out on hollowfiber geometries [ 4 lo] In this paper, hollow fibers as support materials for liquid membranes are used. Part of the work is focused on stabilizing these hollow-fiber-supported liquid membranes (HFSLMS) by applying a toplayer on the membrane surface by means of an interfacial polymerization reaction, analogous to successful experiments on flat-sheet SLMs [ 11. The aim of this paper is to obtain insight into HFSLMs and the modification of these membranes by the application of an interfacially polymerized toplayer. Furthermore, we build a stable SLM module for the continuous removal of nitrate from contaminated (ground)water as a eralized water purified with a Mini-Q Plus Water first step.
Purification System from Millipore@). Throughout this paper, one type of hydrophobic hollow fiber is used, i.e. Q3/2 fiber, which was kindly supplied by Akzo Nobel (Wuppertal, Germany). The fiber had an inside diameter of 600 pm (mean value) and a wall thickness of 200 l.un (mean value). The fiber was made out of polypropylene with a nominal pore size of 0.2 pm [ 111. The pore structure of the fiber was highly asymmetric. The smallest pores occurred at the lumen side of the fiber, while the pore size at the shell side was much larger.
The membrane module as used throughout this paper is schematically shown in Fig. 1 . Modules with either one or five fibers were used. Furthermore, modules with two different dimensions were prepared: one with an effective fiber length of about 17 cm, and a second with an effective fiber length of approximately 38 cm.
Carrier and solvent
In order to be able to compare results of HFSLMs with those of flat-sheet SLMs [ 11, it was decided that the same liquid membrane phase would be used. The organic solvent for the carrier was o-nitrophenyloctylether, o-NPOE, prepared in our laboratories according to a method described elsewhere [ 11. Trioctyl-methylammonium chloride (TOMA-Cl) was applied as carrier for nitrate transport. It was obtained from Fluka (Bornem, Belgium), had a purity of about 97% (manufacturer's data) and was used without further purification. The carrier was dissolved in o-NPOE up to a concentration of 0.2 M.
Membrane modules were prepared in the following way. Firstly, the fibers were arranged into a bundle and the ends were embedded into a glass tube by means of polyurethane potting material (two components adhesive). When the potting material had hardened, the plug was sliced open at the glass tube end to free the fibers and to allow the passage of the aqueous feed phase through the lumen of the fibers. The same was performed for the other end of the fibers. The following step was impregnation of the fibers with the liquid membrane phase (see below). The bundle of impregnated fibers was inserted into the outer shell, as shown in Fig. 1 . Finally, by means of screw caps, with a rubber O-ring in the middle, the potted fibers were fixed in this shell.
Application of the toplayer

2.1.3, Interfacialpolymerization
Interfacial polymerizations were carried out using piperazine (PIPA) and trimesoylchloride (TMCl) as the monomers, identical to successful stabilization experiments on flat-sheet SLMs for nitrate removal [ 11. PIPA was obtained from Fluka (purity > 99%) and TMCl from Aldrich (St Louis, MO, purity 98%). Both monomers were not further purified before use. Dodecane from Janssen Chimica (Geel, Belgium) (purity 99%) was taken as organic solvent for TMCl, while PIPA was dissolved in Milli-Q water (Mini-Q water is deminIn several modules, a toplayer was applied at the lumen side of the fibers by an interfacial polymerization reaction. At the shell side of the fiber, the pore size was much larger as revealed by scanning electron microscopy, which might cause problems in obtaining a defect-free toplayer. Therefore, it was decided to prepare the toplayer at the inside of the fiber, and, consequently, to let the feed flow through the lumen side of the fiber in all flux and stability experiments.
The monomers used (PIPA and TMCl) were also used for the successful stabilization of flatsheet SLMs [ 11. Due to the geometry of the membrane, the application of the toplayer was somewhat different. After potting fibers in the glass tube, they were impregnated with TMCl solution in dodecane (0.2 M). This was performed by placing the fibers in a vertical position and dripping TMCl solution on the fibers. To prevent organic droplets falling on the membrane surface at the lumen side, a nitrogen gas stream was flushed slowly through the inside of the fibers. The attached TMCl solution on the outside was removed carefully with a paper tissue. A certain amount of PIPA solution (varying concentrations) in water was allowed to 'flow' through the lumen side of the fiber under gravity. Excess reactants were removed by rinsing the fibers with Milli-Q water and ethanol. Coated fibers were stored in ethanol until further use.
SLMpreparation
Before impregnation, the length of the fibers between the two inner glass tubes (see Fig. 1 ) was measured in order to calculate the membrane area. Uncoated and potted fibers were impregnated by dipping them for some time in a petri dish containing some LM phase. The coated fibers were impregnated somewhat differently. The potted fibers were hung in a vertical position after which the LM phase was spread carefully on the outside of the fibers. In both cases, nitrogen gas was flushed slowly through the lumen of the fibers to prevent, as much as possible, the formation of LM-phase droplets on the inner membrane wall. When the fibers were completely transparent, they were considered to be impregnated; any excess LM phase was removed carefully from the outside of the fibers with a tissue. In some cases, membrane modules were reused. The impregnated LM phase was removed by washing the fibers with ethanol and ether. The fibers were reimpregnated and ready for further use. No significant differences in initial nitrate fluxes were observed for new and reused membrane modules.
Permeability and stability measurements
Flux determination
Nitrate fluxes of the hollow-fiber SLMs were determined using two different set-ups, schematically drawn in Figs. 2 and 3. Set-up 1 is very similar to the flat-sheet SLM apparatus described before [ 11. In this set-up, the feed is recycled continuously across the membrane and therefore the removal is carried out in a batch process.
After preparation of the hollow-fiber module, it is placed in the set-up. Next, the system is filled with 130 ml 4 x 10m3 ml NaNO, (feed) and 130 ml 4 M NaCl (strip) aqueous solutions. Peristaltic pumps circulated feed and strip solutions around with velocities of 2 ml s-l (feed) and 5 ml s-l (strip). In some experiments, both flow velocities were reduced to 1 ml s-l, as will be explained later on. Both feed and strip phases flow in a co-current manner through the module, the feed flowing through the lumen side of the fibers and the strip at the shell side. The buffer vessels were kept at a temperature of 25°C. Periodically, samples of about 1 ml were taken from the feed solution and The pumping of feed and strip solutions across the fibers causes vibrations of the membrane and will generate a substantial pressure drop across the membrane. This might have a negative intluence on the stability of the HFSLM. Furthermore, for future applications, e.g. in the removal of nitrate from contaminated groundwater for potable water production, a continuous process is desirable. Therefore, a second set-up was used, which worked somewhat differently from that drawn in Fig. 2 . The strip circulation side was identical to that of the other set-up. However, the feed solution was not pumped through the lumen. By means of a peristaltic pump, the feed solution was pumped out of a large feed reservoir (5 1) into a thermostated buffer vessel placed above the membrane module. Part of the feed solution flowed back into the large feed reservoir in such a way that the feed level in the buffer vessel was kept constant. In the lumen of the fibers, there will be a pressure gradient as a result of the hydrostatic pressure of the feed column. By keeping the strip outlet at the same height as the feed level in the thermostated buffer vessel, pressure differences between the lumen and shell sides of the fiber are minimized. This set-up is schematically drawn in Fig. 3 .
Under the influence of gravity, feed will flow through the fibers counter-currently with the strip phase. The flow velocity was regulated with a valve at the lumen outlet. The feed was collected at the outlet of the module and weighted to determine the flow rate assuming a density of 1 g ml -I for the feed phase. By means of a second valve, the feed solution at the entrance of the module could be drained. The composition of the feed before and after passage through the module was determined by HPLC (Waters IC-PAK@ anion column). From the difference in nitrate concentration between feed inlet and outlet, A[NO;], the nitrate flux J2 for set-up 2 was calculated using Eq. (2):
where Cp is the volume flow rate and A is the total membrane surface area at the shell side of the fibers. Most experiments were carried out at 25°C.
Stability measurements
Stability measurements for set-up 1 were carried out in the following way. After initial flux measurements, feed and strip were replaced by a 10e4 M NO, solution and a fresh 4 M NaCl strip solution, respectively. After about 20 h of enhanced degradation, both phases were replaced by the starting solutions (4 x 1O-3 M NaNO, and 4 M NaCl) to determine the nitrate flux again. This cycle of degradation and flux measurements could be repeated several times depending on the observed stability of the HFSLM. The period the liquid membrane was exposed to the degradation liquid was called the degradation time.
For set-up 2, several other stability experiments were carried out depending on the experiment. Since the membrane was always exposed to fresh feed solution (the feed which passes the membrane is not recirculated, as is the case with set-up I), degradation took place continuously. The flux stability of the HFSLM could be monitored 'online' simply by analyzing the feed before and after passage of the module. In one series of experiments, the feed solution was replaced temporarily by demineralized water to check its influence on stability. To determine the flux, the membrane was exposed again to the usual 4 x 10e3 NaNO, feed solution. For set-up 2, flux could be measured as a function of the amount of feed passed through the module or the time the experiment was running.
Fiber characterization
The structure of fibers and toplayers were examined with scanning electron microscopy (SEM). Coated fibers could only be characterized after permeation experiments since the fibers had to be cut out of the module for examination, which destroyed the module. Thus, after the flux measurements, the remaining LM phase was removed by ethanol. After drying, a small part of fiber was cut out of the module. The fiber was cut under an angle of about 45". In this way, both shell and lumen (with the toplayer) side of the fiber could be examined. Next, the fiber was glued on a sample holder by means of double-sided adhesive tape. Cross-sections were prepared by cryogenic breaking, i.e. they were immersed in an ethanol-water mixture and broken in liquid nitrogen. The samples were coated with gold in a Balzers Union SCD 040 sputtering apparatus (3 min, 0.1 mbar, 15 mA). A Jeol JSM T 220A scanning electron microscope was used for the examination of the fibers (accelerating voltage, 20 kV).
Results and discussion
Membrane modules prepared
In Table 1 , the characteristics of the membrane modules as used in the experiments are given. Table 2 provides information on the way the PIPA-TMCl toplayers are applied at the lumen side of the fiber.
Results co-current flux set-up I
Uncoatedfibers
Firstly, manometers were attached to set-up 1 to determine the pressure drop in the module. Between the strip inlet and outlet, almost no pressure difference was detected at a strip flow rate of 5mls-'.
The observed pressure difference between feed inlet and outlet was approximately 0.5-0.6 bar at a feed flow rate of 2 ml s-i due to the flow resistance of the fiber. This means the maximum pressure difference between feed and strip over the liquid membrane at these flow rates 
where PC is the breakthrough pressure (N m-'), y is the interfacial tension between the aqueous phase and the LM phase (N m-') and Y is the pore radius (m). For a pore radius of 0.1 urn [3] and an interfacial tension of 5.0 x 10e3 N m-l between water and 0.2 M TOMA in o-NPOE [ 13,141, a breakthrough pressure of 1 bar is calculated, which is higher than the maximum obtained pressure difference. Thus, a breakthrough is not expected and has also not been observed experimentally.
The feed flow velocity in the fibers is quite high: for the five-fiber modules and an overall feed volume flow rate of 2 ml s-l, the flow rate in each fiberis 140ms-'. According to Neplenbroek et al., such high feed flow velocities will promote degradation of the SLM by emulsion formation [ 13,151. To obtain more information about the instability mechanism, lower flow velocities are warranted and therefore set-up 2 has been used.
Results for membrane modules M2, M3, M4 and M5 are shown in Table 3 . Directly after the first flux measurement was completed, the feed was replaced by a fresh feed solution for a second determination of the 'initial' nitrate flux. This 'second run' always showed a lower nitrate flux. In each flux measurement, the decrease in nitrate concentration in time was still linear during the 80 min the measurements lasted. When much carrier is lost during the measurement, flux decrease in time cannot be linear anymore so the data in Table 3 can most likely be explained by assuming the replacement of feed-induced degradation of the liquid membrane, e.g. by small pressure differences pressing LM phase out of the pores. The data in Table 3 can be compared with those of flat-sheet SLMs [ 11. For uncoated flat-sheet SLMs with TOMA as the carrier, fluxes between 17 x lo-"and 19 x lo-"mol cm-2s-1 were measured. The thickness of the flat-sheet SLM is about 95 urn, while the wall thickness of the fibers is approximately 200 urn so the nitrate flux through the fibers is clearly more than half the flux across a flat-sheet SLM. Differences in membrane morphology, pore size (distribution), surface porosity and the completely different measurement conditions might cause this difference. It is therefore difficult to compare the flat-sheet and hollow-fiber results directly. Fig. 4 shows the effect of a toplayer at the lumen side of the fibers on the long term stability of HFSLMs. Modules M2b, M4b, MSb and M23 were tested at lower feed and strip flow velocities of 1 ml s-l compared with modules Ml and Ml0 (feed 2 ml s-i and strip 5 ml s -') to minimize the influence of the pressure drop across the module on the stability. Similar conclusions to those observed for flat-sheet SLMs with a PIPA-TMCl toplayer [l] can be drawn from The coated membranes are listed in italic; specific details of the modules are given in Table 1, and strip flow velocities has no influence on the initial flux. Due to the small diameter of the fibers, the velocity of the feed in the lumen of the fiber is still high enough to minimize aqueous boundary layer resistance at the feed side. It would appear that the same is valid for the resistance of the boundary layer at the strip side of the fibers. Furthermore, the coated membranes all retain their flux longer than the ones without a toplayer: application of a toplayer raises the lifetime of HFSLMs.
Coated membranes
The differences between the several coated fibers are sometimes hard to explain. Modules M4b and M23 are prepared in the same way (see Table 2 ) and show almost identical flux-time curves. Module Ml is prepared using the same concentration of PIPA as M4b and M23, but a smaller amount of solution passed through the fiber. It was expected that the toplayer would be thinner since less reactant was supplied and therefore the flux of module Ml should be higher. This was scopy. Since the diameter of the fiber is of the indeed observed; however, the stability of Ml was same order of magnitude as the toplayer thickness, better than that of M4b and M23 despite the the area through which the feed solution can flow (probably) thinner layer. Furthermore, module will be substantially decreased at the top of the M5b reveals a lower flux than M4b and M23, fiber. This might result in a severe pressure drop while in this case less reactant passed the fibers.
or even in a complete blockage of the pores. The results given in Fig. 4 show that the stability of HFSLMs can be improved by applying a toplayer of PIPA and TMCl on the lumen side of the fibers. When the results are compared with the best results obtained with flat-sheet SLMs, it is clear that the application of the toplayer still has to be improved since with the coated flat-sheet SLMs reasonable nitrate fluxes could be maintained for a much longer period. Besides, with several modules, it was observed by SEM examination of the fibers that some of them in the same module did not contain a toplayer, while others in the same module did. In other cases, the fibers were almost blocked by the toplayer, indicated by a large pressure build-up and a slipping of the tubes connected to the module in the flux set-up. Thus, the toplayer was not applied in a homogeneous and reproducible way.
Results: set-up for continuous removal of nitrate
When coating a flat-sheet membrane by an interfacial polymerization reaction, initially the reactant concentrations are identical over the whole surface of the membrane. This implies that the reactant concentration difference over the membrane, and thus the driving force for the polymerization, is equal and the resulting toplayer will be of uniform thickness. However, this is not the case for hollow fibers. The PIPA solution is added at the top of the fibers and initially, the concentrations of the reactants are maximal. Nevertheless, when PIPA solution flows downwards in the fiber, its concentration will decrease since part of it will react with acid chloride to form the polymer. Going from the top of the fiber to the lower parts, PIPA concentration will decrease and, as a result, less amine is available for reaction. The thickness of the formed layer will therefore decrease. At the top of the fiber, the toplayer will be thick, getting thinner the further we move away from the top. An inhomogeneous and irreproducible toplayer will be the result. This will be verified experimentally later on when the fibers are examined using scanning electron micro-A flux set-up in which feed and strip solutions are pumped across the fibers has some disadvantages; pumping will cause vibrations of the fibers. Furthermore, as a result of the high feed flow velocity inside the fibers, a pressure drop of about 0.6 bar is generated for uncoated fibers (at 2 ml s-'), which will be even higher for coated fibers due to the extra hydrodynamic resistance. These two factors will certainly affect membrane stability, but its exact effects are unknown. For a good investigation of HFSLM instability effects this is unwanted. Another problem was the application of the toplayer at the inside of the five fibers in one module. After impregnation of the fibers with the organic TMCl solution, a known quantity of PIPA solution .was flown through the lumen of the fibers by gravitation. It was doubtful whether all reactant will flow through the five fibers with the same velocity and thus whether the reaction conditions in all five fibers would be identical. SEM observations confirmed this.
More reproducible coatings, and thus fluxes, might be expected when the modules contain only one fiber. Such modules are difficult to test when the feed is pumped through the fiber since the flow velocity will be relatively high (promoting instability) and the membrane area is low. To increase the membrane area, modules with a longer fiber length can be applied, but this will also increase the pressure drop. Finally, in practical applications, the feed will not be circulated through the set-up, but will pass the module only once and nitrate will be continuously removed from the feed. This is different from the 'classical' set-up used before for hollow fibers and flat-sheet SLMs, where nitrate is removed batch-wise. A continuous removal also has the advantage of continuously monitoring membrane stability because composition of feed before and after passage of the module easily can be determined at every moment. For these reasons, a new set-up was built as shown in Fig. 3. 
Uncoated membranes
We tried to reveal some characteristics of the set-up for continuous removal by carrying out experiments with module M9 (five short fibers, see Table 1 ). The data are necessary as reference points for the coated modules and therefore good degradation procedures had to be developed. The nitrate fluxes J2 are shown in Fig. 5 . Directly after starting the experiment at a flow velocity of 10 cm s-l, determinations of nitrate concentration at the module outlet gave quite scattered results. It is probable that at the beginning, some LM phase is still attached to the membrane wall at the lumen side, which is removed by the flow of the feed. Therefore, the feed velocity was lowered to 2-3 cm s-i after 2 h. The remaining LM phase will be removed in the first 2 h of the experiment after which the determined nitrate concentrations were indeed much more reproducible. Therefore, in all experiments with this set-up, during the first l-2 h, the feed was allowed to flow through the fiber at a somewhat higher flow rate before flux measurements started. The maximum overall flow rate in this set-up was around 20 cm s-l. For most flux measurements, flow rates of approximately 5 cm s-l (unless mentioned differently) were satisfactory to obtain reproducible results. The feed A remarkable result is the high nitrate flux J2, when compared with Jr in set-up 1. Despite the low feed velocity (2-3 cm S-l, while in set-up 1, the feed was pumped through the lumen with a velocity of 140 cm s-l), nitrate fluxes are almost equal. One must bear in mind that the fluxes are defined in a different way as show in Eqs. ( 1) and (2) and therefore cannot be compared blindly.
The degradation of hollow-fiber module M9 in set-up 2 is clear. As more feed passed the module, the nitrate flux decreased. At the end of the experiment after 73 h, about 9 1 of feed had passed the five fibers. Degradation of the module seems to be somewhat slower than with set-up 1 (see Table 3 and Fig. 4 ), but it must be emphasized that in module M9, no special destabilization feed ( 10M4 M NO;, see Table 1 ) was used.
To investigate the flux and stability properties for uncoated long one-fiber modules, the flux decrease in time for two modules Ml 3 and M 14 are given in Fig. 6 . It can be seen in Fig. 6 that the reproducibility of the experiments is good. After starting at an initially higher feed flow rate of 17-18cms-l for 1.5 h, the flow rate was decreased to about 5 cm s-l (about 1 ml min-') and fluxes were determined as a function of the amount of feed passed through the fiber. Initially, the nitrate flux was of the order of lo-11 x lo-" mol crn-'~-~ only slightly lower than the five-fiber module M9 in Fig. 5 . Furthermore, the decrease of nitrate flux is less for the one-fiber modules. Differences with module M9 are the lower membrane area and the higher flow rate for modules Ml 3 and M14. The latter implies that a certain amount of feed has passed modules Ml 3 and Ml4 in a shorter time period than in module M9. Consequently, Figs. 5 and 6 may not be compared directly. In comparison with flat-sheet SLMs in which the feed and strip were pumped around with a velocity of 5.5 ml s-'[ 11, the flux is only slightly lower for the one-fiber module. The very low feed flow rate does not result in a dramatic decrease of the nitrate flux, but one must bear in mind that the two nitrate fluxes are defined in a different way [see Eqs. (1) and (2)].
anymore after one night. It is possible that the modules degrade even earlier, but the flux was not monitored continuously. On the other hand, when the feed solution of 4 x 10e3 M NaNO, was used, flux decrease was small. These observations are in agreement with those of Neplenbroek et al. for flat-sheet SLMs: the lower the salt content of the aqueous phase, the higher the carrier loss and the lower the SLM stability [ 13,151. However, the feed flow velocity through the fiber is so low that it is not very likely that emulsion formation takes place. An increase of the solubility of the carrier in pure water compared with that in the feed solution seems a more logical explanation for the difference in stability.
Four uncoated modules (M14b, M18, M13b and M18) were prepared to elucidate the effect of the degradation step on membrane stability. After 45 min at a higher feed flow velocity, the flow rate decreased to approximately 5 ml s-r for determination of the nitrate flux. Next, the fibers were degraded by allowing the 4 x 10e3 M NaNO, feed (modules M14b and Ml 8) or pure demineralized water (modules M13b and M17) to flow through the fibers at an elevated feed flow velocity. The exact degradation conditions are given in Table 4 . After degradation, fluxes were determined again. All the permeation results are given in Table 4 .
Coated membranes
The effect of the two degradation methods on the flux is obvious. When demineralized water is used for degradation, no flux can be detected Two one-fiber modules, Ml 5 and M16, were prepared with a polymeric toplayer of PIPA and TMCl at the lumen side of the fiber in order to try to improve the stability of the HFSLM. The only difference between the two fibers is the concentration of the PIPA solution which passed the fiber (see Table 2 ): 1.0 M for Ml5 and 0.1 M for M16. The higher the concentration ratio between amine and acid chloride during polymerization, the more polymer is expected to be formed [16] and the thicker or more tight the toplayer should be. Therefore, it was believed that the higher PIPA concentration used in the preparation of module Ml5 would result in a lower nitrate flux and a more stable membrane than module M16. Firstly, nitrate fluxes were determined as a function of the flow velocity to elucidate below which velocity aqueous boundary layer resistances start to play a role; the results are shown in Fig. 7(a  and b) . The fluxes were measured on two separate days (M15-l/M16-1 and M15-2/M16-2, respectively) between which the flowing of feed and strip solutions in the set-up was shut down. For module M15, the flux shows a small decrease when the feed velocity is below 2 cm s-l, and for module M 16 no decrease in flux was found. It is possible that its limit is even below 2 cm s-l. Data measured on two different days show no differences: apparently, the modules are quite stable. For further experiments with module Ml 6, a feed velocity of 5 cm s-' was used.. Strangely enough, the module prepared with the lowest concentration PIPA (module M16) showed the lowest nitrate flux. The nitrate flux of module Ml 6 is almost halve that of module Ml5 and the uncoated membranes (Fig. 6) ; the opposite was expected. SEM did not show any noticeable differences between the two toplayers in the two modules. No explanation for this result has been found yet.
Several additional experiments were carried out with module Ml6 to investigate its flux stability in time. Firstly, in a period of 8 days, a feed of 4 x 10m3 M NaNO, was allowed to flow through the lumen side of the fibers at a velocity of about 2.5 cm s-l (about 5000 ml of feed solution passed the fiber). Next, the flux was determined again, and was still approximately 6 x 10 -lo mol cm 2 SC'. The module is very stable as a result of the application of the toplayer although the absolute flux value is lower than that of an uncoated hollowfiber SLM, as presented in Fig. 6 . The toplayer seems to hinder the transport of the ions, but on the other hand, it decreases loss of carrier to the aqueous feed phase. Hence, the stability of the coated module Ml6 is much better than that of uncoated modules. Identical measurements with module Ml5 gave the same promising results: no flux decrease after 8 days flowing of feed through the fibers.
Module Ml6 also was used to investigate the stability of coated hollow-fiber SLMs at elevated temperatures. It might be expected that an increase in temperature raises instability phenomena such as solubility of the LM components in the aqueous phases. By testing the module at elevated temperatures, in a short time period an idea of the stability on the long term can be obtained. During 3 days, temperature experiments were carried out.
Between the first and second day, feed solution passed the fibers at 25°C. Then the fluxes at several temperatures were determined on the second day. Next, during the night feed, a solution at a temperature of 45°C was used to destabilize the module. Finally, on the third day, the nitrate fluxes were determined at room and elevated temperatures. Flow rates used were all between 4 and 6 cm s-l. The results are given in Fig. 8 . Fig. 8 clearly shows the excellent stability of the coated membrane. In spite of the increase in temperature and the degradation with feed solution during the night, fluxes on the 3 days are identical. Although no data of uncoated membranes are available for comparison, module Ml6 reveals a very stable operation. Furthermore, with increasing temperature, flux increases. Since the diffusion coefficient of the carrier-nitrate complex increases with temperature, and the viscosity of the LM phase decreases with temperature, the nitrate flux was expected to increase with increasing temperature. Though these experiments are preliminary, the results are very promising for further optimization and for tests on other hollow-fiber systems.
SEA4 characterization
Previously in this paper, it was mentioned that a different morphology and thickness of the toplayer over the length was expected. Therefore, the prepared toplayers were studied by scanning electron microscopy (SEM). Fig. 9 contains SEM (4 Fig. 10. (continued) .
photographs of shell and lumen sides of uncoated fibers (the magnifications are different). The lumen side of Accurel Q3/2 fibers [ Fig. 9(a) ] looks much similar to flat-sheet Accurel 1E PP. At the shell side, however, pore sizes are much larger (up to 50 unr). The fibers are asymmetrical and coating the shell side of the fiber will be difficult.
An example of the morphology of a toplayer applied at the lumen side of a fiber after the flux determinations is shown in Fig. 10 . The photographs are taken from fiber samples at different distances from the 'origin' of the potted fiber (the origin is located at the top of the module where the fiber comes out of the potting material and thus where the PIPA solution is introduced into the fiber). It is clear from the photographs that the morphology of the toplayer does indeed change over the length axis of the fiber. At the top of the fiber, where the amine concentration is the highest, the toplayer has a cake-layer like structure. At 8 cm from the top [ Fig. 10(b) ], the typical 'hill and valley' structure observed before for coated flat-sheet Accurel membranes is observed [ 11. Going further down the fiber, the 'folds' in the layer get bigger. In particular, further down the fiber, the folds are all in the direction in which the PIPA solution flowed during polymerization. On the cross-sectional photographs, the toplayer was difficult to see, but over the whole length of the fiber its thickness was approximately 1 pm. The toplayer in module Ml6 showed the same morphology and thickness.
From these photographs, it can be concluded that it is difficult to apply a uniform toplayer at the lumen side of hollow fibers by an interfacial polymerization reaction. This implies difficulties in reproducing flux and stability measurements. Raising the amine concentration above 1 M might improve the toplayer structure because in that case, the amine concentration at the 'bottom' of the fiber is not substantially lower than that at the 'top' of the fiber. Another possibility is to coat twice and turn the module for the second coating or to turn the module during polymerization. In both cases, over the whole length of the fiber, the amine concentration will be much more equalized and a more uniform toplayer might be expected.
Conclusions
A start was made with the preparation of supported liquid membranes using hollow fibers as Cd Fig. 10. (continued) . support (HFSLMs). Two experimental set-ups to determine the nitrate fluxes and stabilities of the HFSLMs were designed: one in which both feed and strip solutions were pumped co-currently through the membrane module and one in which the feed solution continuously passed the module counter-currently with the strip solution under influence of gravity. The disadvantage of the last set-up is its low feed flow rate.
Nitrate fluxes of uncoated HFSLMs were only slightly lower than fluxes in flat-sheet SLMS. The stability experiments of uncoated modules at the low feed flow rates indicated that the solubility of carrier in the feed phase is most likely the cause of instability phenomena. In both set-ups, application of a toplayer of piperazine and trimesoylchloride on the lumen side of the fiber by means of an interfacial polymerization reaction resulted in a significant increase in membrane stability. However, application of a uniform toplayer on the fiber is quite difficult as revealed by the scattering in flux data of these coated membranes and by scanning electron microscopy investigations. Nevertheless, despite the preliminary character of the experiments, the results are very promising for the development of stable HFSLMs; for example, in environmental applications like the removal of nitrate or pesticides from contaminated groundwater and the removal of heavy metals from waste streams.
